Chimeric antigen receptors (CARs) have recently emerged as a powerful means of redirecting T-cell functions toward malignant cells. CARs consist of antibodyderived antigen-binding domains fused to components of T cell-stimulatory signaling pathways. Thus, CARs combine the ability of immunoglobulins to recognize specific antigens and of selected signaling domains to activate T cells. Genetic modification of T cells with CAR-encoding genes allows them to interact with tumorassociated antigens expressed on the surface of malignant cells independent of antigen presentation, hence overcoming various mechanisms of immune escape. Indeed, the interaction of CARs with their antigens can induce potent T-cell responses and mediate robust antitumor effects in murine tumor models.
After 15 years of preclinical and early clinical development, recent results have substantially boosted the field of CARbased anticancer immunotherapy. Carl June's group was the first to unequivocally demonstrate the potency of CARexpressing T cells to eliminate human cancers. In chronic lymphocytic leukemia (CLL) patients, T cells engineered to express a CD19-specific CAR efficiently eradicated the disease. Moreover, they promoted the establishment of protective tumor-antigen specific memory responses lasting for now more than a year and resulting in durable remissions. 1 Subsequent studies in acute lymphoblastic leukemia (ALL) patients have confirmed the anticancer activity of T cells expressing a CD19-specific CARs. 2, 3 Together, these findings underscore the clinical potential of CAR-based anticancer immunotherapy.
CAR-expressing T cells have also begun to be explored in non-hematological solid tumors. In a first-in-man clinical Phase I/II trial performed at Baylor College of Medicine we demonstrated moderate antitumor effects of ganglioside G D2 -specific T lymphocytes against refractory neuroblastomas that correlated with the in vivo persistence of the adoptively transferred cells. 4, 5 No objective responses to adoptive therapy with CAR gene-modified T cells were documented in other pilot and Phase I clinical trials in patients with solid tumors. 6 Overall, solid tumors appear to be more challenging targets for CAR-expressing T cells than B-cell derived hematological malignancies.
A critical factor for CAR-based immunotherapy, and a hitherto unsurmounted hurdle in most malignancies, is the availability of an adequate target antigen. Ideally, the target antigen would be reliably and exclusively expressed on the surface of all malignant cells, including highly tumorigenic and self-renewing residual cells, and be essential for cell growth and survival (Fig. 1A) . The B-cell differentiation antigen CD19 fulfills at least some of these requirements. Since CLL originates from a mature B cell, the malignant cells are consistently CD19 + (Fig. 1B) . Moreover, although CD19 is not a tumor-specific antigen, it is not expressed by cells that do not belong to the B-cell lineage. Thus, the elimination of CD19
+ cells does not provoke on-target toxicities. Concomitant depletion of nontransformed B cells by T cells expressing CD19-specific CARs is unavoidable, but the clinical consequences of B-cell deficiency can be largely overcome by immunoglobulin substitution. Compared to CLL, CD19 is less well suited for targeting B lineage ALL, which originates from B-cell precursors. ALL patients often bear immature CD19
− leukemia-propagating cell subclones that can escape CD19-directed immunotherapy 7 (Fig. 1B) . In fact, CD19
− relapses were observed in ALL patients treated with T cells expressing a CD19-specific CAR or with CD19-targeting bispecific antibodies. Finally, CD19 appears to be functionally irrelevant for malignant growth and thus conceptually is not a good target antigen. The identification of more adequate target antigens is a critical step for extending the promise of this immunotherapeutic e26091-2
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Volume 2 Issue 10 approach to hematological malignancies other than CLL and ALL and to solid tumors. Candidate antigens for CARexpressing T cells in solid tumors are the disialogangliosides G D2 and G D3 . Gangliosides are glycosphingolipids anchored to the plasma membrane that are involved in various cellular functions, including signal transduction, cell proliferation, differentiation, adhesion, and cell death. Disialogangliosides are highly overexpressed in melanoma and neuroblastoma cells, reflecting the neuroectodermal tissue origin of these neoplasms . Following preliminary clinical evidence for the activity of G D2 -redirected CAR-expressing T cells in neuroblastoma patients, 4, 5 further studies based on signalenhanced CARs are currently ongoing at Baylor College of Medicine. Since we have recently observed that G D2 surface expression on tumor cells is also found in Ewing sarcoma, 8, 9 we are now pursuing G D2 -targeting by CARs to treat patients with this cancer.. Immunohistochemical studies suggest that the expression levels of G D2 may vary even within individual tumors. 8 To account for the clonal heterogeneity of cancer, a detailed understanding of the characteristics of cancer cell subpopulations that express high levels of CAR-targeted antigens and the functional significance of the antigens in individual cancers is critical. Moreover, combination strategies that upregulate CAR target antigens in subsets of cancer cells that have a high capacity to reestablish the disease may be required to fully exploit the potential of CAR-based immunotherapy.
A critical barrier against the use of engineered T cells for the treatment of solid tumors is the tumor microenvironment. Whereas residual leukemia cells often remain in the bone marrow niche in close proximity to microvessels or in the circulation and hence are relatively accessible to adoptively transferred T cells, efficient targeting of solid tumors requires the recruitment of therapeutic T cells to extravascular sites. Since CAR-expressing T cells are most effective at high effectorto-target cell ratios and even relatively small lesions with a volume of approximately 1 cm 10 Combining this strategy with the adoptive transfer of CAR-expressing T lymphocytes may effectively prevent their exhaustion and potentiate their therapeutic effects against solid tumors.
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